Phylogenetic relationships among the dusky shrew ( Sorex monticolus ) and eight related species ( S. bairdi, S. bendirii, S. neomexicanus, S. ornatus, S. pacificus, S. palustris, S. sonomae and S. vagrans ) were assessed using sequences from the mitochondrial cytochrome b gene (801 bp). Analyses using parsimony and maximum likelihood revealed significant molecular variation not reflected in previous morphological studies of these species. Conversely, three morphologically defined species ( S. bairdi, S. neomexicanus and S. pacificus ) were poorly differentiated. Sorex ornatus and S. vagrans represented basal taxa for a more inclusive group that included: (i) a widespread Continental clade containing S. monticolus (Arizona to Alaska, including S. neomexicanus ); (ii) a Coastal clade containing S. monticolus (Oregon to south-east Alaska, including S. bairdi and S. pacificus ); (iii) the semiaquatic species ( S. bendirii and S. palustris ); and (iv) S. sonomae . Additional subdivision was observed within the Continental clade corresponding to populations from the northern and southern Rocky Mountains. Average uncorrected sequence divergence between the Coastal and Continental clades was 5.3% (range 4.5 -6.2%), which exceeds many interspecific comparisons within this species complex and within the genus Sorex . Lack of resolution of internal nodes within topologies suggests a deep history of rapid diversification within this group. Late Pleistocene/Holocene glacial perturbations are reflected in the shallow phylogeographic structure within these clades in western North America. Our results suggest also that S. monticolus is not monophyletic under current taxonomic nomenclature. This perspective on phylogeographic history was developed within a growing comparative framework for other organisms in western North America.
Introduction
A primary factor shaping the biogeographic and evolutionary histories of species has been past climatic fluctuations (e.g. Graham & Grimm 1990; Vrba 1992; Roy et al . 1996) that resulted in shifts in habitats and colonization corridors ( Webb & Bartlein 1992) . Prevailing dogma has embraced recent Pleistocene glacial/interglacial cycles as an important series of vicariance events that subdivided ancestral populations and led to genetic divergence. In particular, the most recent interglacial/glacial cycle in North America and Eurasia has been invoked to explain alpha-level taxonomic diversity (Hewitt 1996) . A growing body of molecular evidence has re-evaluated the role of Late Pleistocene events on speciation. Many studies have shifted the focus to earlier events in the Pliocene/Early Pleistocene (Zink & Slowinski 1995; Klicka & Zink 1997) or Miocene (Riddle 1995; Nielson et al . 2001) . Although some of these conclusions have generated debate regarding molecular clock estimates (Arbogast & Slowinski 1998; Avise et al . 1998) , it seems likely that high levels of inter-and intraspecific divergence cannot be adequately explained by Late Pleistocene events.
Molecular studies have also provided novel perspectives on morphological evolution. In many cases, taxonomy based on morphological characters has not adequately reflected the deeper phylogeographic structure (e.g. Avise 1992; Riddle 1996) . Conversely, lack of reciprocal monophyly between morphologically defined species may represent incomplete lineage sorting (Avise 1994) or indicate episodes of rapid morphological diversification.
In northwestern North America, molecular studies of select plants and animals have suggested complex phylogenetic and phylogeographic structure (Zink 1996; Soltis et al . 1997; Demboski et al . 1999) . Hypotheses concerning the biogeography of flora and fauna in this region (Rand 1954; Hoffmann 1981; Rogers et al . 1991) have focused on the mechanistic role of glacial refugia in promoting species diversification. Indeed, mammalian (and nonmammalian) taxa in western North America have been broadly classified as either Beringian or Southern, reflecting their presumed origins in refugia ( Youngman 1975; Hoffmann 1981) . Possible refugia along the north Pacific Coast have also been proposed (Scudder & Gessler 1989; Rogers et al . 1991; MacDonald & Cook 1996) . Similar patterns of genetic Fig. 1 Map of western North America depicting sampling locations of the major clades containing Sorex monticolus and other species (᭺), Coastal, including S. bairdi and S. pacificus, Continental; ᭹, Northern Continental and , Southern Continental including S. neomexicanus) overlaid on the distribution of these species (adapted from Hennings & Hoffmann 1977; Carraway 1990 ). The sampling location of S. sonomae (ଝ) and the area of sympatry with S. bairdi and S. pacificus are also shown. Sampling locations and distribution of the semiaquatic species (S. bendirii and S. palustris) and outgroups are not shown.
divergence across diverse taxa in western North America indicate that common historical events may be tractable with comparative phylogeographic approaches (Soltis et al . 1997; Arbogast 1999; Demboski et al . 1999; .
One widespread species of mammal on which the climatic fluctuations during the Pleistocene had an impact is the dusky or montane shrew, Sorex monticolus (Findley 1955; Hennings & Hoffmann 1977) . The northern range of the dusky shrew spans the boreal and temperate rain forest regions of western North America, which were previously covered by the Cordilleran and Laurentide ice sheets (Fig. 1) . Dusky shrews (and other fauna and flora) colonized these regions after the retreat of the continental ice sheets about 12 000 years ago. Further south, in the montane forests of the southern Rocky Mountains, the distribution of S. monticolus largely reflects historic range retraction into forested sky islands (Hennings & Hoffmann 1977; Alexander 1996) . The systematics, taxonomy and biogeography of S. monticolus and suspected sister taxa have been the subjects of a series of reviews (Merriam 1895; Jackson 1928; Findley 1955; Hennings & Hoffmann 1977; Carraway 1990; Alexander 1996) . Species thought to be closely related to S. monticolus were placed in the ' Sorex vagrans complex' ( Merriam 1895) and have included S. bairdi , S. neomexicanus , S. pacificus , S. sonomae and S. vagrans (Carraway 1990; Alexander 1996) . In western North America, some of these morphologically similar species are widely sympatric in many regions contributing to additional taxonomic confusion (Fig. 1, S . bairdi , S. pacificus and S. sonomae , Carraway 1990; S. vagrans and S. monticolus , George & Smith 1991) . Demboski et al . (1999) reported high values of uncorrected sequence divergence within S. monticolus (cytochrome b, 4.7 -5.7%) for a small data set ( n = 12) that also included S. bairdi and S. vagrans . Those results prompted this expanded view of molecular variation throughout the range of S. monticolus , including six additional species that are considered to be closely related, S. neomexicanus , S. ornatus , S. pacificus , the semiaquatic species ( S. bendirii and S. palustris ), and S. sonomae (George 1988; Carraway 1990; Alexander 1996; Fumagalli et al . 1999) . Results of parsimony and maximum likelihood analyses provide new insight into the phylogenetic complexity of this group.
Materials and methods
Seventy shrews were examined (Table 1) including six GenBank sequences of Sorex monticolus , S . pacificus and S. palustris from Fumagalli et al . (1999) . Due to the lack of an unambiguous outgroup for the ' S . vagrans complex' (George 1988; Fumagalli et al . 1999) , S. cinereus , S. fumeus and S. hoyi were designated as paraphyletic outgroups in initial phylogenetic analyses. Genomic DNA was isolated from heart, kidney, or liver from frozen (-70 ° C) tissue or tissues preserved in ethanol. Methods for DNA extraction, polymerase chain reaction (PCR) amplification, and cycle sequencing followed those summarized in Lessa & Cook (1998) and . Three primer pairs were used for amplification and sequencing of cytochrome b : MVZ4/5, MVZ14/23 (Smith & Patton 1993) and SOREX16/ SOREX37 . PCR products were sequenced in both directions using an Applied Biosystems 373 DNA sequencer. Sequences were assembled and aligned with sequence navigator , Version 1.01 (ABI). Sequence statistics and phylogenetic trees were generated using paup *, version 4.0b2a (Swofford 1999) and conducted under frameworks of parsimony and maximum likelihood (ML).
Initially, a heuristic parsimony search [equal weights, 100 random addition replicates, tree bisection-reconnection (TBR) branch swapping] with the complete data set ( n = 70) was conducted. Nodal support was estimated via bootstrapping (Felsenstein 1985) with 500 parsimony replicates (TBR branch swapping, MAXTREES set to 100). These analyses guided pruning of the data set to 31 sequences to ease the computational constraints associated with subsequent ML analyses. Sequences pruned included three initial outgroups ( S. cinereus , S. fumeus and S. hoyi ), redundant sequences and partial sequences (< 801 base pairs). A subsequent heuristic parsimony search (equal weights, 100 random addition replicates, TBR branch swapping) of the pruned data set provided a starting tree for an iterative-search strategy using ML (e.g. Sullivan et al . 1997 ). This approach relied on evaluation of the pruned parsimony tree under four models of nucleotide substitution: Jukes-Cantor ( JC; Jukes & Cantor 1969) ; K2P (Kimura 1980) ; HKY85 (Hasegawa et al . 1985) ; and the general time-reversible (GTR; Yang 1994a). In addition, the rateheterogeneity parameters, α (rates among all sites assumed to vary following a gamma distribution ; Yang 1994b) and p inv (a proportion of sites assumed to be invariable; Hasegawa et al . 1985) , were also estimated, allowing an evaluation of 16 models of substitution as summarized in Sullivan et al . (1997) .
The best-fit model of substitution was determined by the likelihood-ratio test ( Yang et al . 1995 ) and a heuristic ML search under this model was then conducted (TBR branch swapping). Model parameters were re-optimized on the first ML tree recovered and the search was repeated until the likelihood score did not change. Both ML (100 replicates) and parsimony (500 replicates) bootstrap support was estimated. A maximum of one tree per replicate (MAXTREES = 1) was fixed during the ML bootstrap analysis to ease computational constraints.
We tested monophyly of S. monticolus , an observation not apparent in previous work or in our parsimony and ML topologies, using the parametric bootstrap (Huelsenbeck et al . 1996 ). An optimal ML tree constrained to support monophyly of S . monticolus (the null hypothesis) was estimated using the HKY85 + Γ model (see Results section). seq-gen, version 1.1 (Rambaut & Grassly 1997 ) was used to simulate 500 data sets under the assumed model and the null hypothesis. paup* was then used to calculate ln likelihood scores under the null hypothesis and the optimal tree (nonmonophyly, no constraints) for each of the 500 simulated data sets. The difference between the constrained and unconstrained ln likelihood scores (δ) for all 500 simulations was used to create the null distribution for the test. The actual difference in ln likelihood scores based on the real data set was then compared to the simulated null distribution.
Results

Mitochondrial DNA (mtDNA) sequences
Cytochrome b sequences were aligned unambiguously and exhibited the expected codon biases reported for other vertebrate cytochrome b gene sequences (e.g. Irwin et al. 1991) and for Sorex Fumagalli et al. 1999) . The complete data set (n = 70) had an overall deficit of guanines (13.9%), most notable at the third position of codons (2.7%). The null hypothesis of stationary base frequencies across sequences (as determined in paup*) was not violated (χ 2 [207] = 16.61, P = 1.0, ignoring correlation due to phylogenetic structure). Nucleotide substitutions were observed at 209 sites (26.1%) and 164 of these were phylogenetically informative. Substitutions at the third position of codons accounted for 62.5% of the overall variation. Sequences in the pruned data set (n = 31) used for ML analysis exhibited similar patterns.
Phylogenetic analyses
The initial equal weight parsimony search with the complete data set (n = 70) recovered 1628 shortest trees of 414 steps (consistency index = 0.5676; rescaled consistency index = 0.4988). These topologies were characterized by five major clades; semiaquatic species, Sorex sonomae, Coastal, Continental and S. ornatus/S. vagrans (Fig. 2) . Designation of Coastal and Continental clades follow the nomenclature of Demboski et al. (1999) . Areas of incongruence between Fig. 2 and the strict consensus of 1628 trees (not shown) were characterized by the collapse of the two nodes depicting sister relationships between the Coastal, S. sonomae and semiaquatic clades. Shallow relationships between terminal taxa within several of these clades also differed among the 1628 trees. Strong bootstrap support (99%, Fig. 2) for monophyly of the five major clades led us to designate S. ornatus and S. vagrans as monophyletic outgroups for subsequent parsimony and ML analyses.
An equal weight parsimony search with the pruned data set (n = 31) recovered 13 shortest trees (229 steps; consistency index = 0.6609; rescaled consistency index = 0.5658). One tree (no. 1) was evaluated under the 12 models of nucleotide substitution described above. The best ln likelihood score was obtained under the GTR + I + Γ model (lnL = -2370.7646); however, the score obtained under the HKY85 Demboski et al. (1999) . ‡NK, Museum of Southwestern Biology, University of New Mexico. §GenBank accession numbers from Fumagalli et al. (1999) .
+ Γ model was not significantly different (lnL = -2374.5564; χ 2 [5] = 7.584, 0.5 < P < 0.1). This simpler model, with less associated variance, was used for subsequent heuristic ML searches using TBR branch swapping. After successive parameter optimization (transition to transversion ratio = 10.3749, α = 0.11465), a single ML topology was recovered (lnL = -2369.3308, Fig. 3 ). The topology of the ML tree differed from the parsimony tree with regard to the relationships between the major clades (Figs 2 and 3) . However, as in the parsimony tree, these internal nodes were not strongly supported (ML bootstrap, 29% and 48%).
In both parsimony and ML topologies, the Coastal clade was composed of haplotypes of S. monticolus extending from Washington to southeast Alaska and the Oregon species S. bairdi and S. pacificus (Fig. 1) . Bifurcation within the Continental clade corresponded to distinct northern and southern Rocky Mountain haplotypes. The Northern Continental clade was distributed from Idaho/Montana to western Alaska (Fig. 1) . The Southern Continental clade was represented by haplotypes of S. monticolus from Arizona, Colorado, New Mexico and Utah, including S. neomexicanus from southcentral New Mexico. The northern California species, S. sonomae (Carraway 1991 ) and the semiaquatic species, S. bendirii and S. palustris, represented the remaining ingroup clades.
Many of the genetic distances (uncorrected and HKY85 (Table 1) . Sorex cinereus, S. fumeus and S. hoyi were designated as paraphyletic outgroups. Number of substitutions ≥ 2 (inferred using acctran) are shown above the branches with parsimony bootstrap values (500 replicates) shown below. Areas of incongruence between this topology and the strict consensus topology are reflected by the collapse of two nodes (heavy branch lengths) depicting a sister relationship between the Coastal, S. sonomae and semiaquatic clades.
+ Γ, Table 2 ) between major clades were comparable to interspecific distances reported for other sister species within Sorex (Fumagalli et al. 1999) . For example, average uncorrected genetic distances within S. monticolus (5.3%) were greater than interspecific comparisons between S. palustris and S. bendirii (3.1%).
Monophyly of S. monticolus was rejected (P < 0.01) based on the results of the parametric bootstrap test (Fig. 4) . The observed difference (δ) between the constrained (monophyly of S. monticolus) and the unconstrained topologies was 97.12, a value much greater than the greatest difference in ln likelihood scores (< 18) in the simulated null distribution. Fig. 3 Maximum-likelihood tree, lnL = -2369.33078, for the pruned cytochrome b data set (n = 31) under the best-fit HKY85 + Γ model (transitions to transversions ratio = 10.3749, α = 0.11465). Nodal support from ML (HKY85 + Γ model 100 replicates) and parsimony (500 replicates) bootstrap analyses are shown below the branches (ML/ parsimony). Samples are Sorex monticolus unless otherwise noted and are denoted by GenBank accession numbers and state or province of collection (Table 1) . Sorex ornatus and S. vagrans were designated as monophyletic outgroups. 
Discussion
Molecular data often provide an alternative view of diversity and can reveal underlying phylogenetic structure at a scale of resolution not possible with other characters (Avise 1994 ). This new perspective on phylogenetic relationships within the dusky shrew complex suggests: (i) deep phylogenetic differentiation within Sorex monticolus coupled with a lack of support for monophyly of the species based on current taxonomy; (ii) minimal differentiation of three morphologically recognized species (S. bairdi, S. pacificus, S. neomexicanus); (iii) support for the distinctness of S. sonomae; and (iv) inclusion of the semiaquatic shrews, S. palustris and S. bendirii, within the 'dusky shrew complex'. While high levels of intraspecific divergence suggest that diversification events are deeper than previously hypothesized (Findley 1955; George 1988) , the morphologically distinct forms, S. bairdi, S. pacificus and S. neomexicanus have probably responded to more recent Late Pleistocene/ Holocene events.
Phylogenetic considerations
Our observations suggest an early and rapid diversification within this group of shrews based on the polytomous structuring of deep nodes in the parsimony and ML topologies (Figs 2 and 3 ). This phenomenon, a 'star phylogeny', has been observed across diverse groups of mammals with different mtDNA markers (e.g. Lara et al. 1996; Lessa & Cook 1998; Halanych & Robinson 1999) . If reasonable estimates of divergence times across these studies and colleagues are tenable in the future, independent tests of major diversification events related to earth history may be possible.
Many aspects of our results are supported by previous work. George (1988) characterized a trichotomous clade composed of S. monticolus, S. pacificus and S. vagrans, with each species defined by fixed allozyme differences. We examined these same specimens, designated S. pacificus (California, Humboldt County) in George's study ( but later reclassified as S. sonomae by Carraway 1990) , and as in the allozyme data set these individuals constitute a distinct clade in our analyses. George (1988) also indicated that S. bendirii and S. palustris were sister taxa; however, did not find them allied with S. pacificus, S. monticolus and S. vagrans as our mtDNA sequences suggest. Control region (Stewart & Baker 1994 ) and cytochrome b (Fumagalli et al. 1999) sequences also indicate close relationships of the semiaquatic S. palustris with S. monticolus and S. pacificus. Cytogenetic data, although generally problematic for determining phylogenetic relationships within Sorex (Dannelid 1991; Ivanitskaya 1994) , are also consistent with a common evolutionary history for the group. Sorex bendirii, S. monticolus, S. pacificus and S. vagrans possess 2N complements of 53 -54 (Brown 1974; Brown & Rudd 1981) which is distinct when compared with other species of Sorex (Dannelid 1991) .
Morphological data have formed the basis for three monographs on the S. vagrans complex. However, ascertaining phylogenetic relationships and determining levels of divergence between purported species has been problematic. For example, Findley (1955) grouped taxa previously designated as S. obscurus (= monticolus) and S. pacificus as subspecies of S. vagrans. Subsequent studies recognized the specific status of S. bairdi, S. monticolus, S. neomexicanus, S. pacificus and S. sonomae based on morphological and ecological differences (Carraway 1990; Alexander 1996) . Our data set was unable to provide resolution of relationships among the three recognized species within the Coastal clade, S. bairdi, S. monticolus and S. pacificus, suggesting that the measurable morphological divergence between these taxa may represent rapid ecological responses during the Holocene. Sorex neomexicanus (Alexander 1996) represents another minimally differentiated species nested within the Southern Continental clade (Figs 2 and 3) . Although these morphologically differentiated species are not supported by our mtDNA data, hypotheses regarding some relationships are supported by previous work. For example, Carraway (1990) speculated that S. bairdi, S. monticolus and S. pacificus were more closely related to each other than to S. sonomae, an observation supported by our data set. The semiaquatic species, S. bendirii and S. palustris, also have derived morphological and physiological adaptations to aquatic lifestyles (e.g. Schmid 1976) , and represent reciprocally monophyletic clades in our cytochrome b trees.
The levels of divergence (5.3% average uncorrected) observed between the Coastal and Continental clades, coupled with the results of the parametric bootstrap test Fig. 4 The null distribution based on the parametric bootstrap test comparing the difference between the best trees supporting monophyly (constrained) and nonmonophyly (unconstrained best tree) of Sorex monticolus. Five hundred replicate data sets were simulated using ML under the HKY85 + Γ model. Monophyly of S. monticolus was rejected as the observed likelihood ratio test statistic for the real data set was much higher (δ = 97.12) than values sampled from the simulated data sets (δ < 18, P < 0.01).
(i.e. rejection of monophyly for Sorex monticolus - Fig. 4) , are strongly indicative of species-level differentiation for these clades. However, because our phylogenies are based on single gene estimations, genealogical concordance (e.g. Baum & Shaw 1995) with other markers should be examined before suggesting taxonomic revisions.
Deep phylogeographic history
Given the relatively high levels of uncorrected sequence divergence observed between the major clades (2.50 -6.24%, Table 2 ), initial diversification events within the 'S. vagrans complex' probably precede the most recent glacial maximum. Fossil remains have been assigned to S. monticolus, S. ornatus and S. palustris from the Late Pleistocene and Holocene (Miller 1971; Kurtén & Anderson 1980; Bonnichsen et al. 1986; Mullican & Carraway 1990 ), however, fossil data are not available from earlier periods. Although the cytochrome b sequences are evolving in a clock-like manner (HK85 + Γ [clock] , lnL = -2389.9123, χ 2
[29] = 41.1630, 0.1 > P > 0.05), the lack of multiple calibration points (i.e. limited fossil record), coupled with morphologically cryptic clades render estimates of the timing of divergence difficult. Divergence dates, based on biochemical and molecular data, have been reported for Sorex but may suffer from the above concerns, as well as possible rate increases within these small insectivores (Martin & Palumbi 1993 ; but see Fumagalli et al. 1999) . In the absence of reliable calibration points, we have opted to forego estimation of absolute divergence dates within this group of shrews. However, we speculate that some diversification events may have coincided with the onset of glacial/interglacial cycles beginning at the Late Pliocene/Early Pleistocene interface (~2 Myr ago). This remains to be tested.
With the exception of S. palustris, which occurs across northern North America, this complex of shrews is geographically centred in western North America, suggesting that the isolation of ancestral populations in putative coastal (western) and continental (eastern) refugia may be responsible for the phylogeographic patterns we observed. Early diversification in multiple coastal refugia might have produced ancestral stocks leading to the Coastal clade, plus S. bendirii and S. sonomae (Fig. 3) . A phylogeographic break near the California and Oregon border, similar to that between S. sonomae and the Coastal clade, has also been observed in some restricted coastal plant taxa (Soltis et al. 1997) .
Similarly, continental refugia may have promoted isolation of ancestral populations of S. palustris and the Continental clades. Subsequently, S. palustris may have spread east from a Rocky Mountain refugium, or conversely, spread west from an eastern North America refugium (see Arbogast 1999) ; however, more extensive sampling throughout this species' widespread North American distribution is obviously needed. Further bifurcation within the Continental clade may have occurred later, as reflected by lower levels of sequence divergence (2.5 -3.5%, uncorrected) between the Northern and Southern Continental clades. The phylogeographic split between the northern and southern Rocky Mountain clades may centre on the arid Snake River Plain (noted on Fig. 1) , which bisects the general north-south distribution of these clades in the southern Idaho, western Wyoming and northern Utah region. Although the distribution of S. monticolus in this region is shown as continuous on Fig. 1 (adapted from Hennings & Hoffmann 1977) , appropriate habitat, and thus the occurrence of the montane shrew, is more fragmented than depicted. Obviously, additional sampling in this region is required to document the occurrence of Northern and Southern Continental haplotypes and the possibility of contact zones.
The concept that coastal and continental refugia contributed to diversification within the 'S. vagrans complex' and the semiaquatic species was initially proposed by Findley (1955) , who expanded on the ideas of Dalquest (1948) . Findley (1955) , suggested that the observed morphological differences between Pacific Coast and Rocky Mountain shrews were the result of Late Pleistocene divergence. He speculated that with the onset of the Sangamonian interglacial, arid habitat spread in the Great Basin and initiated the east-west split of widespread ancestral populations of 'S. vagrans' (Findley 1955) . Following the expansion of continental ice sheets during the Wisconsin glaciation, these ancestral populations were forced south and further isolated in Coastal and Continental refugia. With the onset of the Holocene, populations were again able to colonize northward. We agree that a similar mechanistic scenario might explain the phylogeographic patterns observed, but suggest that initial divergence probably preceded the Late Pleistocene and was maintained across multiple glacial events. In particular, the continued expansion and retraction of Great Basin arid habitats (presently found in central Oregon, Washington and Nevada) would have reinforced the east-west isolation of Coastal and Continental ancestral populations over the course of the Pleistocene.
Shallow phylogeographic history
Although deep biogeographic events within this complex are difficult to establish, present distributions of the major clades have been profoundly shaped by the most recent glacial/interglacial cycle. Much of the current distribution of S. monticolus was covered by the Cordilleran and Laurentide ice sheets during the Wisconsin, such that current distributions of the Coastal and Continental clades are a result of postglacial expansion in the north (and range retraction in the south). We focus on northern clades because of our limited geographical sampling elsewhere.
During the height of the Wisconsin glaciation, cooler conditions occurred throughout North America allowing the southerly expansion of boreal forest across the continent (Davis 1983) . However, southerly extensions of the continental ice sheets and piedmont glaciers in the Rocky and Cascade Mountains ( Wright & Porter 1983; Whitlock 1992) enforced continued isolation of the Coastal and Continental clades. At this time, the Southern Continental clade may have included more contiguous populations of shrews since boreal forest was present at lower elevations. With the onset of warming, approximately 12 000 years ago, the ice sheets began to recede and northward or southward colonization of previously glaciated habitat by flora and fauna proceeded ( Mandryk 1996) . We suggest that the Coastal and Northern Continental clades represent postglacial migrants following the northward expansion of forest from refugia south of the ice sheets. Colonization may have coincided with the initial establishment of boreal and coastal rain forests in Alaska and Canada as early as 10 500 years ago (Peteet 1991; Mann & Hamilton 1995; Hu et al. 1996) .
Conversely, others have suggested that mammalian colonization (including S. monticolus) of newly deglaciated mainland regions or islands may have originated from glacial refugia along the coasts of British Columbia and Alaska (Foster 1965; Scudder & Gessler 1989; Byun et al. 1997 Byun et al. , 1999 . Molecular work with bears ( black bear, Ursus americanus, Byun et al. 1997 Byun et al. , 1999 brown bear, U. arctos, Heaton et al. 1996) has been interpreted to support the scenario of different north Pacific Coast refugia. Demboski et al. (1999) and Stone & Cook (2000) recently challenged those conclusions because they were based on incomplete geographical sampling. Leonard et al. (2000) reported the historical distribution 37 000 years ago of the contemporary Alaska coastal clade (= ABC, of U. arctos in Yukon Territory, thus further complicating coastal refugia hypotheses (Heaton et al. 1996) . The existence of refugia along the north Pacific Coast remains an intriguing area of research, however, lack of persistent coastal refugia throughout the glacial maximum does not preclude the possible role of an early Holocene coastal corridor for colonization that may now be submerged ( Josenhans et al. 1995; Fedje & Josenhans 2000) .
Based on our sampling, the distributions of the Coastal and Northern Continental clades parallel each other along the Coast Range of British Columbia and southeast Alaska (Fig. 1) , suggesting the possibility of repeated areas of secondary contact between these populations. At higher latitudes (56-60°N), the mountains are a formidable barrier between coastal and interior regions, with contact possible only through river corridors and mountain passes of lower elevation. Our sampling in the southeast Alaska region suggests that contact zones may occur based on the close geographical distance between Coastal and Northern Continental haplotypes in some areas (Fig. 1.) . It is possible that more intensive sampling along the Pacific Coast, particularly in southeast Alaska, will reveal contact zones, the dynamics of which can be characterized. In this same region, several mammalian studies have documented the occurrence of haplotypes from different mammalian clades in close proximity (marten, Martes americana, Demboski et al. 1999; U. americanus, Stone & Cook 2000) or in the same trap line (long-tailed voles, Microtus longicaudus, Conroy & Cook 2000) . In the southern Rocky Mountains, range expansion-retraction events occurred on multiple occasions throughout the Pleistocene when boreal forests were fragmented (e.g. Patterson 1982; Lomolino et al. 1989) . The Southern Continental clade has relatively higher levels of intraclade divergence, perhaps indicative of longer persistence in the southern Rocky Mountains, in contrast to recent expansion into deglaciated areas by the less variable Northern Continental and Coastal clades (Rogers 1995; Conroy & Cook 2000) . Our sampling, albeit limited, also indicates a phylogeographic break (Fig. 1) between shrews from the north (Colorado, Utah, northern New Mexico) and the south (Arizona, S. neomexicanus). A similar disjunction was observed in M. longicaudus (Conroy & Cook 2000) .
Comparative phylogeography
The ability to compare molecular data from multiple co-distributed taxa has allowed a geographical region of interest to be characterized with respect to possible shared histories (e.g. Avise 1992; Zink 1996; Moritz & Faith 1998; Taberlét et al. 1998) . The phylogeographic patterns observed within S. monticolus may not be a taxon-specific response to historical episodes of vicariance . Rather, because similarly distributed Coastal and Continental clades have been observed for other mammalian taxa (Table 1, Demboski et al. 1999) , shared histories may be evidence for the cohesion of large-scale biotic assemblages in the Pacific Northwest. Contrary to a scenario of individualistic (Gleasonian) responses by flora and fauna (Graham et al. 1996) , these biotic assemblages may be the result of concerted responses to earth history changes (Riddle 1998 ). This is supported by an increasing number of studies that suggest phylogeographic concordance for many taxa in northwestern North America (e.g. Green et al. 1996; Soltis et al. 1997; Arbogast 1999; Demboski et al. 1999; Nielson et al. 2001) .
Discrepancies between divergence values of mammalian Coastal and Continental clades for different taxa ) may be the result of various processes, including different phylogeographic histories, variable rates of mtDNA evolution ( Martin & Palumbi 1993 ) and the effect of random variation on coalescence and mutation events (Hudson 1991) . The geographical extent of mtDNA clades also varies along the north Pacific Coast for different taxa. Coastal haplotypes of S. monticolus, M. americana and U. americanus (Stone & Cook, 2000) occur as far north as southeast Alaska, however, coastal haplotypes of the northern flying squirrel, Glaucomys sabrinus, are restricted south of British Columbia (Arbogast 1999) . Sorex bendirii is also similarly restricted to southern British Columbia and south along the Pacific Coast to California. Other possible examples of restricted Coastal taxa (Hall 1980; Demboski et al. 1999) include the Western red-backed vole (Clethrionomys californicus), the Douglas squirrel (Tamiasciurus douglasii) and the Pacific jumping mouse (Zapus trinotatus). Disparity between these species' distributions may be the result of differential colonization abilities following Late Pleistocene/Early Holocene glacial recession or factors such as dispersal from different glacial refugia, habitat specificity, competition and/or latitudinal constraints (e.g. bats, Myotis, Parker et al. 1997) . With the accumulation of diverse molecular data from northwestern North America for mammals, and other fauna and flora (e.g. Soltis et al. 1997; Nielson et al. 2001) , direct tests of phylogeographic congruence may be possible (Sullivan et al. 2000) .
Conclusions
Dusky shrews and closely related species have represented an evolutionary, taxonomic and biogeographic conundrum since the complex was first recognized (Merriam 1895) . We have expanded on our finding of previously undetected phylogenetic and biogeographic diversity . Although the Coastal and Continental clades are highly divergent, they may form secondary contact zones throughout western North America. For example, the Southern Continental and Northern Continental clades may contact in the central Rocky Mountains. The dynamics of these contact zones should be carefully characterized with morphological, ecological and genetic investigations, including nuclear DNA. The morphologically distinct, yet genetically similar, Oregon species (Sorex bairdi and S. pacificus) also raise questions regarding rapid morphological evolution in shrews and microhabitat partitioning of these widely sympatric taxa with S. sonomae (Carraway 1990) . These species are also sympatric with S. sonomae in Oregon (Fig. 1) . Intensive sampling in this region may clarify these issues.
Our phylogeographic analysis of this widely distributed complex of shrews provides an opportunity to address conservation issues in western North America. For example, the Southern Continental clade is geographically restricted in the southern Rocky Mountains. These populations represent continental islands that have been formed by recession of boreal forests with warmer climates. Comparative molecular studies of other southwestern montane taxa should assess levels of endemicity and the possibility of shared phylogeographic histories. The Coastal clade is geographically restricted along the north Pacific Coast where logging of old-growth timber has impacted the temperate rain forest (Cook and MacDonald 2001) . The observation that other vertebrates (e.g. Ursus americanus, Stone & Cook 2000) also are represented by unique coastal haplotypes supports the idea that the region possesses an endemic regional fauna (Swarth 1936; Scudder & Gessler 1989; MacDonald & Cook 1996) . Recent molecular work indicates that many of these mtDNA clades may be older than previously suspected ( Wooding & Ward 1997; Arbogast 1999) , increasing the urgency for revised conservation priorities ( Vane-Wright et al. 1991; Avise 1996; . Other taxa along the north Pacific Coast are represented by multiple clades that show similar geographical patterns , perhaps indicating that particular areas along the north Pacific Coast are either experiencing ongoing colonization or represent historical associations . In any case, the discovery of substantial levels of geographically structured genetic variation should be incorporated into conservation strategies in western North America.
